Purpose: To assess the fracture resistance of single-tooth implant-supported crown restorations made with different CAD/CAM blocks. Materials and Methods: Thirty-six titanium abutments were put on dental implant analogs (Mis Implant). For each of three test groups (n = 12/group), implantsupported, cement-retained mandibular molar single crowns were produced. Crowns were made of lithium disilicate glass (LD) IPS e.max CAD, feldspathic glass ceramic (FEL) Vita Mark II, and resin nano-ceramic (RNC) Lava Ultimate. The crowns were cemented with self-adhesive resin cement RelyX Unicem 2. After chewing cycling, crowns were tested to failure in a universal testing machine. Fracture values were calculated as initial (F-initial) and maximum fracture (F-max).
Ceramic-fused-to-metal restorations are accepted as the gold standard in dental implantology. Numerous fabrication techniques have been developed to change their material, shape, and surface characteristics to improve their long-term clinical success and outcome. In implant-supported restorations, titanium is usually preferred because of its well-documented biocompatibility and mechanical properties. Over the last three decades, increased demand for highly esthetic and natural-looking dental restorations has led to the development of new ceramic dental materials and fabrication techniques. [1] [2] [3] [4] [5] [6] Manufacturers are constantly introducing newer ceramic materials and improving their existing systems, which have resulted in an increase in all-ceramic restorations and fewer porcelain-to-metal restorations. 7 Improvements in computer-aided design/computer-aided manufacturing (CAD/CAM) techniques have lead to an increased preference of ceramic restorations with recently developed ceramic materials including monolithic or manually veneered all-ceramic systems. 4, 5, 8 Based on the current literature, CAD/CAM-fabricated crowns demonstrate survival rates comparable to conventionally fabricated ones. 4 Based on pertinent literature concerning CAD/CAM used for fabrication of implants and abutments, preliminary proof of concept was established; however, further studies on the performance of these products are required to provide meaningful conclusions to improve their success in in vitro and in vivo conditions.
Restorations must have enough strength to withstand repeated chewing forces under intraoral conditions. All types of contemporary or CAD/CAM-fabricated all-ceramic crowns are subject to fracture during functional use. 9 Crown fractures are one of the most common clinical complications of ceramic crowns. During chewing and trauma, the resulting stresses are transferred to the bone/implant interface, implant, and ceramic component. The tendency to fracture affects the overall success and outcome of restorative management in long-term use. 6, [10] [11] [12] Although research on the materials suitable for CAD/CAM applications is currently the most active field in dental materials, [13] [14] [15] [16] no studies have evaluated the influence of aging on the strength of CAD/CAM-fabricated molar crowns with currently available ceramic materials. In laboratory conditions to simulate aging in the oral cavity, many studies subjected specimens to 1.2 million cycles of chewing load [17] [18] [19] to mimic the 5 years of clinical service found optimal by clinical studies. 20, 21 Recent technical development allows the digital manufacturing of monolithic reconstructions with high-performance materials including resin nano-ceramic. 22 The ability of molar crowns fabricated with monolithic allceramic CAD/CAM materials cemented on titanium abutments to withstand functional forces in the oral cavity is still questionable. Lack of consensus provoked the conduct of this study to compare the fracture resistance of three types of single implantsupported restorations. The aim of this study was to compare the fracture resistance of three types of implant-supported single crowns fabricated as a representative sample of mandibular molar teeth made of a titanium abutment layered with lithium disilicate, feldspathic glass-ceramic, and resin nano-ceramic materials after aging that mimics 5 years of clinical service. For the present study, two null hypotheses were addressed for the testing of the ultimate failure load: (1) there would be no significant differences in the initial fracture resistance (F-initial load) values of IPS e.max CAD, Lava Ultimate, and Vita Mark II crown systems, and (2) there would be no significant difference in the maximum fracture resistance (F-max load) values of IPS e.max CAD, Lava Ultimate, and Vita Mark II crown systems.
Materials and methods
The ceramic materials evaluated in this article are listed in Table 1 . Thirty-six titanium abutments (6 mm in length, 4.8 mm in width, 4.8°in angle of inclination) were placed to simulate a missing mandibular molar on standard dental implant analogs. For each of three test groups (n = 12/group), implantsupported, cement-retained single crowns of mandibular molar teeth were produced via CAD/CAM 23, 24 from the following materials: lithium disilicate glass ceramic (LD), IPS e.max CAD; feldspathic glass ceramic (FEL), Vita Mark II; and resin nano-ceramic (RNC), Lava Ultimate. All crowns resembling mandibular molar tooth were produced by CAD/CAM (Fig 1) with specifications of mesiodistal sizes as 11 mm, buccolingual size as 9 mm, and occlusal fossa thickness as 1.5 mm (Fig 2) . As suggested by the manufacturers, LD crowns were applied to crystallization, RNC crowns were polished, and FEL crowns were glazed. IPS Ceramic Etching Gel containing 5% hydrofluoric acid (Ivoclar Vivadent AG) was applied to the restoration surface of LD and FEL crowns for 20 seconds as recommended by the manufacturer.
Acid-treated surfaces were washed with distilled water in an ultrasonic bath and dried for about 30 seconds. Then, based on the instructions of manufacturer, Monobond-S (Ivoclar Vivadent AG) was applied to the restoration surface and dried for 60 seconds. RNC crowns and abutments were washed with distilled water for 30 seconds in an ultrasonic bath, and all entire surfaces were removed with an air syringe. Then, the cementation process was initiated. After restored crowns were appropriately placed on abutments with the help of finger pressure, the crowns were cemented with a self-adhesive resin cement (RelyX Unicem 2; 3M ESPE), applying a 2-kg force; later, light curing was applied on their surfaces for 20 seconds. After cementation, all specimens were placed in a 37°C distilled water bath for 24 hours.
Testing in the chewing simulator (artificial mouth)
The specimens (n = 12 for each group) of the study groups were subjected to 45 N load for 1.2 million chewing cycles in the computer-controlled dual-axis chewing simulator (universal testing machine; Zwick ROELL, Ulm, Germany). At the same time, the specimens were exposed to a computercontrolled thermal load using thermocycling (6000 cycles, 5°C and 55°C for 120 seconds each, with a small pause between cold and warm water cycles). This procedure can mimic the performance of all-ceramic crowns up to 5 years in clinical functional use. 17 For recording any events including cracking of the ceramic materials and crown fractures, all specimens were examined daily during and at the end of artificial aging in the chewing simulator under a stereomicroscope. Flat, polished antagonists were used according to the loading jig of the static Voss test. The flat antagonists were made of a composite material (Tetric EvoCeram; Ivoclar Vivadent) with an elastic modulus similar to that of dentine.
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Fracture load measurement
After chewing simulation, the specimens were subjected to fracture load testing in the universal testing machine using a 0.5 mm/min crosshead speed to measure the fracture load. The load was applied at the central fossa of the specimens to determine the force required to crack the ceramic as F-initial load, and total fracture of the ceramic as F-max load. F-initial load was determined with the help of an acoustic emission system with sensors attached to the parts of the testing machine for recording of sound during beginning of cracking and at the fracture of the specimen.
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Statistical analysis
Data were expressed as mean with interquartile range and minmax values. The F-initial and F-max load values of the study groups were compared with ANOVA and post hoc Tukey test. The Spearman correlation test was used to determine the correlation of F-initial and F-max load values of the study groups. Analysis was performed by IBM SPSS Statistics software (Mac v.22; IBM Corp, Armonk, NY). p < 0.05 was accepted as statistically significant. Figure 3 presents the F-initial and F-max load values of fracture test in the LD, RNC, and FEL groups. ANOVA indicated significant differences in mean F-initial and F-max load values among the study groups. Tukey's test revealed that the mean F-initial load value of the LD group was significantly greater than those of the RNC and FEL groups (320 ± 110 vs. 165 ± 65 and 220 ± 50, respectively; p < 0.05). The F-initial load value of the FEL group was higher than that of the RNC group, although this difference was not statistically significant (p > 0.05). Tukey's test confirmed that the mean F-max load values of the LD and RNC groups were significantly greater than that of the FEL group (2645 ± 545 and 2490 ± 510 vs. 1130 ± 220, respectively; p < 0.05). The F-max load value of the LD group was higher than that of the RNC group although this difference was not statistically significant (p > 0.05).
Results
The study groups were ranked as follows: (LD > FEL) > RNC for the F-initial load value and (LD > RNC) > FEL for the F-max load value. There was no significant correlation between the F-initial and F-max load values (p > 0.05). This demonstrated that there was no parallel change in the F-initial and F-max values.
Discussion
In the current study, first and second null hypotheses stated that there would be no significant differences in the initial failure and maximum failure resistance values, respectively, of IPS e.max CAD, Lava Ultimate, and Vita Mark II crown systems. The results of this study support the rejection of first and second null hypotheses. To keep the design of all-ceramic restoration as the only variable, CAD/CAM technology was used to generate crowns identical both in external and internal dimensions and in marginal contours to precisely fit all the titanium abutments in an identical fashion to mimic a missing mandibular molar during the fatigue test in the chewing simulator. This test was adjusted to evaluate 5-year performance of crowns in the clinical functional use setting. Fatigue tests seem to have special relevance to several materials, including dental ceramics, that can be influenced by mechanical fatigue during functional use. 31 In recent years, rapid development has taken place in the area of materials and fabrication techniques used to fabricate more stable and esthetically pleasing ceramic crowns. To present reliable data for objective comparison of in vitro and in vivo performances of newly developed materials requires continuing research with valid tests in prosthodontics.
In the current study, LD provided the highest mean F-initial load value. FEL had an F-initial load value more than RNC but with no statistical difference. LD and RNC offered higher mean F-max load values than FEL. Although LD had an Fmax load value greater than RNC, this difference was not statistically significant. These results demonstrate that there was no accordance between their F-initial and F-max values. LD provided the highest cracking and fracture resistance values. Although RNC demonstrated low cracking resistance during the measurement of F-initial load, it provided considerably high fracture resistance during the measurement of F-max load. These results demonstrated that RNC fractures at higher values because of its resilient structure, even though it is cracked. The cracking and fracture resistance of FEL was low compared to other materials, except its F-initial load value was greater than RNC.
Recently, different types of ceramic materials such as leucite-reinforced glass-ceramic, lithium disilicate glassceramic, and resin nano-ceramic have been used for chairside fabrication of all-ceramic restorations using CAD/CAM. The use of monolithic crown restorations has become the preferred treatment option because failure, such as chipping, is not seen, which does happen with zirconia-based ceramic-layered crowns. Each material has its advantages and disadvantages. One of these CAD/CAM ceramics is IPS e.max CAD, an improved glass-ceramic material with relatively high fracture strength. The IPS e.max CAD is a partially crystallized block of 40% lithium meta-silicate crystals, which allows the material to be easily milled. After processing the blue block into the desired dental restoration, a recrystallization process takes place at 850°C for 10 minutes, through which the lithium meta-silicate is transformed into lithium disilicate crystals. This transformation provides the restoration with its final mechanical and esthetic properties. 32 Vitablocks Mark II contains more durable leucite crystals than conventional feldspathic porcelain, and is more esthetically satisfying. 33, 34 The fine crystal microstructure and the CAD/CAM processing technique produce the enamel-like abrasion characteristic of Vita Mark II dental restorations. 35 Lava Ultimate CAD/CAM Restorative is another material used with the CAD/CAM technique. As introduced by its manufacturer, this material is called resin nano-ceramic (RNC), which is supposed to be shock absorbent, resilient, and not brittle, making it ideal for implant-supported crowns. The intraoral repair of resin-composite crowns can be accomplished by preconditioning, sandblasting, or bur roughening, followed by the placement of a resin composite with very similar mechanical and optical properties. The milling time is reduced, the material induces less wear of the milling burs, and more precise margins are possible because the resin content appears to cause less wear on the antagonist cusp (LD and FEL crowns demonstrated more wear than RNC crowns on the antagonist sphere). 36 The clinical potential is enhanced by simple cementation (noHF/silane required), occlusal adjustment, and intraoral reparability.
In this study, in an effort to standardize and approximate the clinical situation as much as possible, the lower first molar crowns were designed with a CAD/CAM system on standard abutments of 6 mm length, 4.8 mm cervical width, and an angle of 4.8°. Occlusal thickness of the restorations was standardized as 1.5 mm, to be able to tolerate occlusal masticatory forces. The restorations were performed in line with their original morphology. They were cemented with self-adhesive resin cement (RelyX Unicem 2 Automix). This simplified delivery protocol makes it clinically relevant, fast, appreciated by clinicians, and approved by the block manufacturers.
This study investigated the fatigue resistance of single-tooth, implant-supported LD, FEL, and RNC molar restorations. The results showed significant differences among the three groups. The first null hypothesis was partially rejected-that there was no significant difference with respect to fatigue resistance of the three materials used.
Posterior restorations must withstand high masticatory forces. Maximum posterior masticatory forces vary from 600 to 900 N depending on facial morphology and age. [37] [38] [39] The flexural strength values for FEL were 150 MPa, for RNC >204 MPa, and for LD 360 MPa (manufacturers' information). Mean fracture loads for FEL (1141 N), RNC (2490 N), and LD (2644 N) crowns in the present study exceeded physiological chewing force values, which indicates that all three materials tested can be used for cemented implant-supported crown restorations.
FEL showed the lowest F-max values. The inferior performance of FEL is in agreement with various investigators [40] [41] [42] [43] and correlates with lower flexural strength than the two other materials. RNC and LD crowns showed similar resistance despite their different flexural strengths, which was explained by the ratio between strength and elastic modulus (both lower for RNC than for LD). Based on the material's microstructure and physical properties, all-ceramic restorations experience different fatigue behavior in terms of susceptibility to slow cracking growth. The low hardness value of the experimental hybridceramics compared to typical dental ceramics leads to increased surface wear. As a result, the production of large, sliding contact areas results in less stress. Besides that, the wear behavior of the polymer-infiltrated ceramic may be affected by load conditions and the size of the contact area. 44 Furthermore, the experimental hybrid-ceramic is a damageresistant material in which the indenter produces the surface cracks that pervade the ceramic part, but divert at polymer ceramic interfaces. 45 As no veneering layer is applied in the monolithic CAD/CAM all-ceramic crowns, cyclic loading under wet conditions results in surface cracking formation without any evidence of cracking. 46 This was attributed to the homogenous composition of the CAD/CAM fabricated monolithic ceramics with minimal inherent flaw density and the fully anatomical design of monolithic crowns.
The results of study by Carvalho et al, 47 comparing the fracture resistance of FEL, RNC, and LD overdenture crown restorations, showed that resin nano-ceramic and lithium disilicate crowns demonstrated fracture properties more advanced than feldspathic glass ceramic crowns. 33 Their study results were consistent with ours for F-max. Another important result of our study was reporting initial values of fracture formation.
Accordingly, cracks were generated in the ceramic body at 231 N, 164 N, and 447 N for FEL, RNC, and LD groups, respectively. The LD structure was the strongest. The RNC was broken due to the high-value resilience within the structure even at low values despite the formation of cracks.
Although the outcomes of the current in vitro study cannot be directly compared with in vivo conditions, the fracture strengths in all groups were higher than maximum physiologic masticatory forces. Therefore, it can be assumed that all restorations could potentially withstand physiologic masticatory forces; however, additional research should be performed with the same testing protocol and materials.
According to the limitations of this simulated fatigue resistance study, CAD/CAM crowns placed with a simplified cementation process and made of RNC or LD had significantly higher fatigue resistance than those made of FEL. All the materials survived more than normal range of masticatory forces. The new RNC has the characteristics of major clinical and practical benefits compared with LD (mill time, mill bur usage, polishability, simplicity of insertion, and reparability).
